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Summary

Snow avalanches are a major hazard to people and man-made structures in the
Alps region. A better understanding of the propagation mechanism and the
interaction of snow with the structures is crucial for the prediction of hazard
zoning and the optimization of the mitigation measures. To this end, this thesis
has the aim to use a numerical approach called MPM, extensively used in
geomechanics, and adapt it to the snow avalanches.

The introduction of the work contains a state of the art about avalanche
morphologies, snow rheologies and flow models.

In the second chapter, the MPM has been calibrated and validated with
laboratory experiments on granular flows performed by Hutter (1995) and then
extended to medium scale chute with dense snow (A. Upadhyay, 2010).
The MPM 2D was employed to model the real scale propagation of a past event
in Val di Zocca (Masino) and to compare the results with the commercial 3D code
RAMMS. A scenario-based approach has been adopted to overcome the lack of
data about the event and the many simplifying assumptions in modelling such a
complex geomaterial.

The last part of the work is dedicated to the impact analysis of the flow against a
wall. MPM simulations have been employed to capture the dynamic behaviour of
the impact, find the actions on the structure and compare the findings with the

current Italian and Swiss guidelines.
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CHAPTER 1
INTRODUCTION

1.1 Description of snow

Snow is a porous medium consisting of air and water at the three different
phases: ice, vapour and liquid. The ice phase consists in an assemblage of
grains that are arranged in a random load bearing skeleton called ice matrix.
This last one is surrounded by the ambient air which can be separated in dry

air and water vapour component [1].

| _air ——=

“<——vapour—|- - - - 0,

I ice ——=

Volumetric Contents

Figure 1.1 Schematic view of a sample of dry snow volume V [1].




Depending on the mixing ratio of the three components and the degree of
impurity, snow has very mutable physical properties which influence
avalanche events.

The snow history begins with the genesis in the troposphere and already at
that level there can be high levels of variability in the grain shapes
depending on air temperature, humidity, condensation nuclei and air
mixing. (See [2] for a more complete description)

Changes in shape and size of grains occur during their whole life because
snow temperature is close to its melting point (Tmelt=273.15 K). The process
is commonly known as metamorphism and it occurs when there is a thermo
dynamical unstable condition:

e High surface energy due to large area over volume ratio

e Large temperature gradient (= 10°C/m) over the vertical profile of
the snowpack

These two processes lead to very different ice crystal shapes. The former
tends to round the grains since sphere is the shape with the lowest surface
over volume ratio while the latter creates some pillar shape crystals called

hoar.

A grain can grow and shrink many times over its life, up to the point it
liquefies (Ambient temperature > 0°C) and starts flowing in the matrix of
the residual crystals. In this case the snow contains liquid water and it is
called wet snow.

In the following treatment only dry snow will be analysed.




1.2 Description of the snowpack

The snowpack consists of snow embedded layers with different
characteristics that strongly depend on the snowfall event but also on the
temperature history and wind exposure of the slope.

On a small scale there might be many differences due to the grain
metamorphism explained in the previous subchapter.
On the contrary, on a large one if the weather conditions keep constant the
structures are similar.

Layers are forming or destroying due to:

e the stratigraphic variation of subsequent snowfalls with different
densities and then varying rates of fresh snow compaction

e the effect of wind of transport/deposition on the leeward side and
erosion in the windward side, excavating and bringing to the surface
the harder layers

e Surface melting during warm hours or short rainfalls wetting the
surface followed by temperature drop during below freezing

e Surface hoar layers for water vapour condensation leading to very
fragile structures

e Glide or creeping movements toward the direction of the slope

1.3 Mechanical properties

This subchapter wants to give the reader an overview about the mechanical
behaviour of snow through the laboratory tests published in literature.

The review has already been tackled by the Ph. D. thesis performed by
Cresseri S. [3] but, for the sake of completeness of the treating, the findings

will be shown.

Significant experimental investigations date back in the period between the

50’s and the 80’s when the prediction and mitigation of the avalanche




hazard became a need. From the early beginnings many challenges arose
regarding the sampling and testing techniques because of the fast-changing
properties of snow that did not guarantee, during the tests, a reliable level
of objectivity.

To briefly synthesize the peculiar aspects of this material, granular snow is
conceived as an “elastic-viscoplastic material that exhibits strong
sensitivity to temperature, density and confining pressure.
Furthermore, it is time and strain-rate dependent’.[3]

The early works on the mechanical behaviour of snow were performed by
Bader, Mellor and Fukue (1962, 1974,1979).

They highlighted the response of snow to different loading conditions, and
through uniaxial tension, compression and base shear tests they
investigated the dependency on several parameters.

A main finding is that “snow exhibits a brittle-to-ductile transition with
decreasing applied rate of deformation and this macroscopic behaviour is

strictly related to the microcracks pattern”. [3]

Resisting force
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Figure 1.2 Schematic drawing of uniaxial tension test performed at T=-10°C and

290<p<310 Kg/ms for different strain rates (Narita,1983)




From Figure 1.2 (a) can be noticed that under high strain rates (=10-3) the
uniaxial traction increases linearly and the sample breaks in a brittle
manner. As the strain rate is lowered, several irregular cracks appear in the
specimen and the material shows a hardening process.
For very low applied strain rates, no microcracks appear and the resisting
force increases asymptotically (d).

Tensile strength showed a tendency to increase with density, but the effect
can be hindered by the change of snow matrix texture for different snow

densities.
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Figure 1.3 Density dependence at T=-10°C and for different strain rates
(Narita,1983)

In the upper figure is evident that as density increases, the strength is higher
and the boundary between brittle and ductile shifts backward its position.

Higher temperature, in line with the expectations, showed a reduction of
strength and an increase of the transitional strain rate that widens the

ductility domain (Figure 1.4)
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Figure 1.4 Temperature dependence of the tensile strength (Narita,1983)

Cresseri and Fukue (1979) [3] suggested that the high dependence on the
applied strain rate depends on the micromechanical rearrangement of the
grains and on the bonds disjointing.

Scapozza and Bartelt (2003) [3], in their doctoral thesis performed several
tests that confirmed the previous results of Narita and showed (Figure 1.5),
through an unconfined compression test, that the axial strain rate has a

negligible effect on the hardening rate.
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Figure 1.5 Strain rate effect in unconfined compression, T=-12°C and p=320
Kg/ms




Shear tests results from McClung and Schweizer (1977-1978) [3] performed
on snow densities in the range 150-400 Kg/m3 and temperatures between -
10 and -6°C revealed that snow has a similar pattern to loose and dense
sands.

This is reflected by the coupled effect of: strain softening, dilation of the
sample (Figure 1.6 curve b) and the hardening response accompanied by

contraction of the specimen (Figure 1.6 curve a).
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Figure 1.6 Shear stress and vertical displacements at low (curve a) and high

(curve b) displacement rate McClung (1977)

Snow is also time-dependent and shows a viscous nature which depends on
the stress path Shinojima (1967). The higher the load the higher will be the
creep rate resulting from time dependent structural changes.[3]

With respect to soils the snow evidenced a viscous behaviour also during

pure volumetric stresses.

Triaxial compression tests of Navarre et Al. (1987) demonstrated that snow
belongs to the class of non-linear elasto-plastic materials with memory
effects. During the reloading phase it exhibits a stiffer response until it

reaches the maximum stress experienced (Figure 1.7).




93.00 PO

83.00F

SIGMA1

73.00f P i
83.081- o )

S$3.08

L3.08 -

33.00
2308/

h
13.00 : :
0.000 0-030 o0.060

\
\

[rmmmmerer o e canzzze
.

1 | a3 1 1 1 R 3
0090 o0.{2¢ o0.IS0 o.f8o 0.210 0.2u0 0.270
EPSILON |
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Non-drained triaxial tests performed some years later by Scapozza and
Bartelt (2003), evidenced that for increasing densities the pre and post-
yielding stiffness is higher (Figure(1.8))

The effect of confining pressure, in the range investigated (0-45kPa), is

evident just in the hardening region and not in the pre yielding. (Figure 1.9)
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1.4 Material law

Currently the constitutive models for describing snow behaviour are
grouped into two big families: phenomenological and
micromechanical models. The former group aims at reproducing the
macroscopic behavior under certain loading conditions but neglect all the
processes occurring at the microscopic level. The latter describes the role of
the microstructure during the deformational process.

In engineering practice, even if the microstructural factors have been
recognized critical, common constitutive approach is still at the

macroscopic level.

The first one-dimensional rheological models were proposed as linear
(Mellor,1974) or non-linear (Bader,1962; Salm,1971) constitutive laws
obtained by a combination of elastic springs and dampers. Amongst them,
the linear Burgers model was widely used for a qualitative description.

Few years later, the linear relation for the dashpot was adjusted with a
hyperbolic sine law [3].

More recently, Scapozza and Bartelt proposed a hyperbolic potential
equation to model the irreversible viscous deformations. Compared to
elastic and plastic contributions, in their study they found the viscous part
to be the leading factor determining total strains[1]. Viscous deformations

assumed this shape:

(1.1)

Q
&, = ApeRTi sinh(ao)™
Being R the molar gas constant, Q the activation energy, Ao and n two
material parameters density and temperature-dependent

One-dimension rheological models have the upside of being simple but they

cannot be easily extended to multidimensional loading conditions [3].




In the literature, snow avalanches have also been treated as non-
Newtonian fluids [5] because of the similarities with fluid flows.
Compared to the typical Newtonian ones, it is evident that snow comes to
rest also when the stresses are non-zero. This reason drove Dent et Lang
(1983) to considered snow as a biviscous Bingham material.

Bingham is a viscoplastic material that behaves as an elastic body at low

shear stresses but flows as a viscous fluid at high ones.

{TZ Gy fort <t (1.2)
T=ny+71, " fort>1,

Since the first formulation in 1916, many adjustments have been proposed
[6]. The biviscous model developed by Dent et Lang is one example [5]. It
shows that the non-constant plastic behavior, typical of Bingham fluids, well
captures the locking property of snow at low stresses. This effect translates
in a flow in which some portions of material behave as fluids and others as

solids.

Bingham
Herschel-Bulkey

Biviscous Bingham

g

j’.\"l = d",.\ /(["‘

Figure 1.10 Shear stress vs shear rate for different viscoplastic models
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Another version of the Bingham model is the Herschel-Bulkey, developed to
take in account higher shear rate intervals [7]. It models the plastic
behaviour with a non-linear law of the following type:

{TZG)/ fort <t (1.3)

T=Ky"+ 1, " forT =1,

Snow avalanches have also been modelled with a Bingham pressure
dependent law called frictional fluid [8].In the specific case the yield
threshold is defined as follows:

To=C+psind (1.4)

Where the internal friction angle @ and the cohesion ¢ derived from the

Mohr-Coulomb failure criterion.

Besides the fluid constitutive laws, in the late 90’s Lang and Harrison (1995)
and Meschke et al. (1996) proposed another approach that consists in
treating the snow in the same way used for soils. Cam-clay model was
adopted and the results showed good agreement during isotropic
compression and direct shear tests [3]

Meschke (1996), after the experience gained in laboratory, suggested to
consider snow with a “multisurface viscoplastic constitutive model for
large strains and 3D states of stress”[3] This model has 2 independent

hardening mechanisms and 2 yield functions

The studies on the micromechanics of snow began with Brown (1980) and
Hansen (1987) and were firstly based on the investigation of the
interparticle phenomena that accounted in the deformation process. The
research community agreed that the development and breakage of necks
connecting the grains largely affected the mechanics.[3]

Brown and Hansen identified crucial characteristics of the ice matrix and
proposed a constitutive theory based on non-equilibrium thermodynamics

with internal state variables. [9]
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That theory has been extended by Nicot (2003) correlating the spatial
distribution of the bonds with the changes in the microstructure through a
linear viscoelastic law. The model lacked a complete description of the
micromechanics which also accounted for the sintering process and the
neck deformations.

Cresseri in 2005, filled this gap and proposed a model that coupled the
microstructure with the macro behaviour imposing a dependence of the
hardening parameters with the sintering process. More precisely, following

the modified Cam Clay model of Meschke (1996), she proposed a yield

function of this type:
q\2 (M’
f= (p—) - (p—) [p(@o + Pm — Pe) + Pe(Po + Pm) — P?] (1-5)

Where p,,and p.are the two hardening parameters related with the bonding

degree, p,the atmospheric pressure and p, the pre-consolidation pressure.

The time dependency and strain-rate sensitivity typical of snow was
guaranteed by the overstress approach (Perzyna) which allows irrecoverable
strains to take place also when f < 0. This is explained by the fact that in the
pre-yielding the solid matrix undergoes at the same time sintering and neck

deformations.

girr NI HDP? (D(f)a_g 1 (1.6)
Po do [Vyg|

The viscous nucleus ®(f) defined as follows:

&(f) = e witha > 0 (1.7)

The plastic potential g resembles the shape of the yielding function

g =q>—M*[p(pyc — Dgt) + PgiPgc — P (1.8)

And for simplicity p,.and p,.are assumed to be linearly dependent
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The evolution of p, , p, and p,,, depend on a scalar measure of bonding, the
sintering, the temperature and the irreversible strains. The reader can find
the empirical formulations on those parameters in the PhD study of Cresseri
[3].

All the previous models assumed the material properties of snow to be
constant within the layer; that assumption is now being overcome by the on-
going research.

In 2008, J.Gaume et Al. proposed an elastoplastic model with a strain-
softening plastic flow rule which is able to capture the interaction between
slab and weak layer [10]. Such a unified model is of paramount importance
and opens new paths for the snow constitutive modelling. So far, for
instance, the release of slab avalanches was poorly captured by the normal
models which failed in reproducing the collapse of porous cohesive material
under compression. This softening rule, coupled with a cohesive Cam Clay
model, has been demonstrated able to well describe the bond breaking in
the weak layer and the grain rearrangement of the slab.

Figure 1.11 better explains the scheme used and it can be summarised as

follows:

1. The stresses in the weak layer increases elastically until they reach the
cohesive yield surface (Figure 1.11 b, points 1-2)

2. Even under compression, the yield surface shrinks and reaches the
origin of the p-q space (Figure 1.11 b, point 2¥)

3. The yielding surface, now cohesionless, expands again following the
traditional hardening rule typical of frictional and compaction

behaviour (Figure 1.11 b, point 3*)
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Figure 1.11 Overview of the elasto-plastic model [10]
a) yielding surface with cohesion (black line) and without (dashed grey line)
b) Traditional hardening law (black arrow) and the softening formulation for

the weak layer (blue arrow) c) p — e,and q — ¢, (d) curves for the classical

hardening law (black) and the new one (blue)
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1.5 Classification and snow avalanche typologies

“A snow avalanche is a rapid flow of snow along a slope with a volume

more than 100m3 and a path length of more than 5om” [2].

Dry snow avalanches can be described dividing the flow into three regimes:
a dense snow core, a fluidized layer and a turbulent suspension of snow. The
dense snow core flows at the bottom of the avalanche and has a density in
the order of 300 Kg/ms3 with typical depths of 1-2m. On top of this layer
there is a fluidized stratum in which the particles are not in persistent
contact and move with higher velocities than the core. Typical densities are
in the range of 10-100 Kg/m3 and depths are 2-sm [11].
Powder clouds are present when the density of the snow before the release
is similar to that of fresh snow (100-120 Kg/ms3) or when the flow reaches
relevant speeds (>30m/s). This plume of turbulent snow and air mixture
can reach height from few tens of meters to 100m and the density is on the
order of 3 Kg/ms3[11]. The distinction of the three regimes is not sharp but

is easily evidenced from the impact measurement on structures.

Il Suspension layer
[ Fluidized layer
Il Dense-flow layer
2 Snow cover

Figure 1.12 Schematic representation of the 3 flow regimes in dry snow

avalanches [11]
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In avalanche science, considering the high variability of events, having a

classification based on characteristics of the phenomenon is of fundamental

importance. UNESCO since 1981 has provided an International Avalanche

classification in which avalanches are grouped according to common

features in these characteristic zones: release zone, flowing zone and

deposition.

Release zone is the place where the phenomenon starts. Usually it
is located in the nearby of ridges above the vegetation level, or in
those places where snow accumulates due to precipitation and wind
transport.

In order to have a release the slope must be at least inclined 30°. At
slopes higher than 50° the snow accumulation is not likely [2].
Other influencing factors are the terrain morphology, the vegetation,
the overload, the meteorological history and the exposition of the
slope.

Depending on the initiation, an avalanche is defined as either a loose
snow avalanche or a slab avalanche. Loose avalanches are triggered
in a specific point and they are confined to surface snow layers while
the slab avalanches are released simultaneously over a large area and
they involve one or more layers of cohesive snow. The latter can be
identified easily by the presence of a defined fracture line that

confines the release zone.

The role of vegetation and forest need to be mentioned since they play
an important function in the release prevention [2].More specifically
the retention of snow with the tree trunks increases the friction
between the snowpack and the substratum.It furthermore affects the

deposition of snow.during the snowfall creating irregular patterns.
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Frequency of slab avalanches dependent on slope inclination
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Figure 1.13 Frequency of slab avalanches as function of slope inclination [2]

The flowing zone is the area between the release and the stop
condition. This is the zone where the highest speed of the avalanche
is registered.

In this phase, depending on the characteristics of the flow there is a
distinction between flowing avalanches, the material is concentrated
in a “core” at the bottom, powder avalanches characterised by a low-
density snow cloud and a version in-between the two called mixed
motion.

The avalanche can move towards the valley in a well-defined channel
(channelled avalanche) or on an open slope (open-slope avalanche).
During the flow it can also entertain trees or stones depending on the
magnitude of the event and the type of snow. Wet-snow avalanches,
for instance, are distinguished from dry snow avalanches because of
the much higher friction at the sliding surface that often causes the
formation of grooves and the entertainment of rock and dirt.[12]

Entertainment works to slow avalanche motion by two effects. First,
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the new snow which is picked up is at rest and therefore the effect is
to decrease the overall momentum. Second, it modifies the bottom of
the flow increasing the basal surface friction [12]

The propagation of every type of flows is mainly governed by the
resistive forces that arise from the interaction of the dense core with
the sliding surface at the bottom and the snow dust with the ambient
air at the top. Resistive forces at the bottom account nearly for all the
total friction except those cases of very high speed where the friction
on the upper portions may contribute.

Sliding friction takes the form of collision and frictional rubbing
between snow particles that in some cases have been demonstrated
causing heat and production of small amount of waters on the
surfaces of particles. [13]

Air between snow particles at the base of flowing avalanches has been
proved not having influence in the friction process because of the
relative low density of air compared to the particles (<1%) and the
absence of turbulence phenomena for flows with a similar porosity
(n=0.2-0.5).[12]

Usually wet-snow motion follows terrain features much more readily
to dry snow because of the higher friction and adhesion to the slope.
The avalanche release volume ranges from a few to thousand cubic
meters. SLF considers a small avalanche when the volume is smaller
than 25000ms3, medium 25000< V(m3) <60000 and large >60000.
Regarding densities, the prevalent range is between 100 and 350
Kg/m3 (Mc Lung & Schaerer [12]).

Deposition or runout zone is the area where the snow mass
progressively slow down and stops. Typical slope angles where
avalanches decelerate are 15° or less. Observations of avalanche
paths indicates that terrain variations such as gullies or boulders,

also create favourable conditions for snow deposition [1]
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The characteristics of debris in avalanche deposit depend on the
hardness and moisture content of the snow that originally released.
A hard slab usually has large chunks of debris whereas soft slab
breaks into smaller pieces and balls. In general, the farther the
avalanche travels, the smaller are the particles in the runout zone.
Another common feature of dry debris is that the average size of the
particles decreases with depth into the deposit and the shape is more
rounded. This is due to the basal shearing and leads to an increase of
density which can be up to five times the value of the starting zone.[2]
Debris from wet avalanches are generally larger, with boulders up to

0.5m, and harder if the water on the surface freezes.

Figure 1.14 Example of a dry snow slab avalanche [14]
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Figure 1.15 Deposition front of a wet snow avalanche [15]

As previously evidenced, there are lots of variables playing in the avalanche

phenomenon, so hereafter is proposed a table with the criteria summarized.

(Praolini et Al.)
Type of | Position | Humidity | Shape Type of | Triggering
release of the of the of the | movement cause
sliding snow path
surface
loose snow | Surface Dry-snow | Open Powder Spontaneous
avalanche | layer slope avalanche
slab Full depth | Wet-snow | Gully Flow Triggered
avalanche avalanche
Mixed
avalanche

Table 1.1 Classification of snow avalanches proposed by Praolini et Al. [2]
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CHAPTER 2
STATE OF THE ART: ANALYTICAL
AND NUMERICAL MODELS

2.1 General remarks

As expressed in the first chapter, snow shows a large variability and when it
comes to mathematically describe the avalanche movement many
difficulties arise. So far, a complete and accurate model reproducing the
behaviour at micro and macroscale from the triggering to the deposition has
not yet been developed.

Here below a description of the typical parameters present in the avalanche
models and how they change with respect to the position of the flow.

The movement is characterized by:

1. The velocity v usually has the highest values in the front of the
avalanche and then it reduces in the body and the tail. It varies with mass,
depth and distance travelled down the slope.

Most of the vertical speed profiles show a pronounced shear layer at the
bottom and a region of little or no shear above.[16], [5] and [17].
In a first approximation velocities of the avalanche depend (1) on the
release volume and entrained or deposited snow, (2) the external friction
at the top and bottom of the avalanche and (3) the morphology of the
terrain (length, vertical drop).[12]
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It is also expected that avalanche speeds are higher when the flow is
confined to gullies than for open-slope flows. This is because the same
amount of material is forced through a confined space and therefore the
speed must increase. Also, velocities are higher at the center of the gully
than at the sides due to lateral friction.

From Issler (2003) study was found that peak speeds of dense snow

avalanche vary from 20 to 60 m/s [18].

. Flow height h is very sensitive to the spatial distribution of the mass.
There are only a few measurements on avalanche flow heights and they
were collected by putting switches on a mast that are triggered by the flow
(Valle de la Sionne [19])

From the experiments performed in the Pizzac Site [20] it was shown that
among two avalanches of equal mass, that one with more mass
concentrated at the front had higher velocity and reached longer runout
distance. The maximum flow heights are generally located some tens of
meters behind the front. However, when the avalanche runs on a steep
track (35— 40°), the maximum heights move forward, closer to the
avalanche front.

Maximum height position usually match with maximum impact
pressures. Exceptions are due to the presence of a powder cloud moving

at the front of the avalanche.

. Mass density p is a leading factor in the evaluation of the momentum
equations. The density of a dry flowing avalanche is supposed to be in the
range between 100 to 300-400 kg/m3 (Hopfinger, 1983; Hutter, 1996;
Ancey, 2001).

The density of the deposited snow can be from 2 to 5 times higher than
the density of the snow in the release area. It is still not clearly known in

which phase this compaction takes place [12].
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4. Runout distance

The run-out zone is defined as “the point of farthest reach of the
debris” [12]. Voellmy defined the run-out zone as the part of the
avalanche track where the inclination is below 15¢. The value of 15¢
has been chosen because the repose angle of flowing snow is
supposed to be slightly higher than 15°[2]

That is just an assumption and “usually any observable clues at the
site are given priority over the models due to the complexity of the
problem and the uncertainties” [12].

Important clues normally include sign of damaged vegetation or

aerial and satellite photos.

5. Pressure
Impact pressures range from relatively harmless blast of powder
clouds to the destructive forces of a full-scale flowing avalanche.
Generally, dry flowing avalanches have a combination of high density
and speed which results in very high impact effects.
From data of site tests [19], [21] peak pressures are found to be from
two to six times higher than the average pressure during the impact.
Maximum forces come near the front of the avalanche.
The impact, on a first approximation can be expressed through
equation (2.1)

I =~ pv? (2.1)

Density p of the mixture depends on the concentration of solid
material

p=psn+tps(l—n) (2.2)

Where p, = 1 Kg/m3 and p, ranges from 200 to 917 Kg/m3.
Porosity n of flowing snow is estimated ~ 0.3 — 0.5 and therefore

the density of the mixture results 200 < p < 550 Kg/m3[12]
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2.2 Literature review about snow propagation

models

In literature several attempts of giving an overview of all the current
propagation models were carried (Mellor, Perla, Hopfinger, Harbitz).
SAME project [2] showed that avalanche models can be divided into two
big families:

empirical and deterministic models.

There are then separate models depending on the type of avalanche

(powder, flow or wet)

2.2.1 Empirical methods

These models are based on statistical elaboration of past event data,
without taking into account the physics of the problem. The advantages of
such empirical models are the simplicity in estimating the run-out distance
and the fact they try to quantify the uncertainties. On the contrary they
cannot determine velocity, flow depth and pressure.

Several statistical methods have been proposed [22] and they all rely on
the correlation between topographic parameters and run-out distance
through a regressive analysis (topographic-statistical models) or through
the nearest neighbors method (comparative models).

An example of the topographical-statistical models is the af-model[23]
which relates the inclination of the total avalanche path a to the slope 3
that is the inclination between the starting point and the point with 10°

slope along the terrain profile.
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Figure 2.1 Topographic parameters describing the af3-model

The relation is linear and follow this law:

a=mp+c (2.3)

Typical values of the parameters m and c can be found in the Italian snow
guidelines [22]

Particular care must be paid while using these models because as
mentioned in [24] “Although statistical methods have been extensively
used throughout the world over the last twenty years and have given
fairly reliable and objective results, many cases exist in which their
estimates are wrong.

There are also models based on the adaptation of distribution probability
laws like Extreme Value or Gumbel to runout distances.[25]

The comparative methods use a multi-variate statistic and find the
dependent variables knowing the independents in a multi-dimensional

space.
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2.2.2 Deterministic (dynamical) models

The deterministic models quantify the base mechanism which affects the
avalanche motion. Each avalanche can be approached at different scales, the
largest consider the entire flow and leads to the simplest sliding block
models while the smallest is close to the size of the grains and leads to
complex rheological and numerical problems. [24]

There are also intermediate models called quasi three-dimensional models
that are obtained integrating the motion equations across the flow depth.
Disregarding the models related to the airborne avalanches, the earliest
model dates back to the Olympic Games at Chamonix in 1924 when the
Swiss professor Lagotala computed the velocity of an avalanche in the
Pelerine area [26].

The model was then extended by Voellmy (1955) and became the most used
method all over the world [27]. This model follows the sliding block

approach where the flow is subjected to a friction force fz:
2

fa = pg—¢ + upghcosds (2.4)

With m denoting the mass, p the density, u the velocity, h the flow depth,
0 the average slope of sliding area and y and ¢ two friction parameters.
More precisely u accounts for the snow fluidity and range from 0.15 to 0.4
depending on the avalanche size [28].

¢ reflects the influence of the path (400 for open slopes and 1000 or more

for gullies)

The main hypothesis of the Voellmy model is to make an analogy of the
sliding zone of the avalanche with the hydraulic open channel flows.
Avalanche is therefore considered as an incompressible fluid, infinitely
extended that after a short acceleration reaches a condition of uniform flow.

Maximum velocity reached in the sliding zone can be calculated equaling

(2.4) with (2.5)
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fp = pghsinbs = f (2.5)
And follows

u = /éh(sinb; — pucosoy) (2.6)
Runout analysis is performed considering a block on a constant slope
tg6, < u having already identified the part of the slope where most likely
the flow will stop.
The evaluation of the run-out distance proposed by Voellmy considers an
energy balance of the work dissipated by the frictional forces and the loss of
mechanical energy. The expression proposed in [22] is the following:
u2
Xp = (2.7)

2
2g(ucosb, — sinf,) + ‘?—Z

This model in 2002 has been extended to a continuum model called AVAL
1D [2] and from 2005 to the more complex RAMMS [2]

In this last model the snow is an unsteady and non-uniform flow, described
through the depth-averaged mass (2.8) and momentum balance
equations(2.9) (2.10) as follows:

0.H + 8,(HU,) + 8,(HU,) = Q(x,y,0) (2.8)

Where Q(x, y, t)expresses the mass entertainment or deposition rate

The two components of the depth-averaged momentum equations are:

H2

2
0.(HU,) + 0y (cyHUZ + g Ko=) + 0, (HU,U,) = Sy — Sy, (2.10)

The right-hand side is the difference of the gravitational and the typical
Voellmy frictional force

Sgx = gxH and Sg,, = g,H (2.11)

)2 i :
Spx =10, (g 7 T HgH )and Sy, =ny, (g + ug,H ) (2.12)
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Being ny_and ||U||*:
_ 1 T (2.13)
ny = (U, Uy) 3

|UII? = U2 + U2 (2.14)

¢ and c, of the equations (2.9 and (2.10) denote two correction factor to
account for shear gradients and non-rectangular velocity profiles but their
influence is rather insignificant [29].

K,y is a proportionality factor between the vertical and horizontal normal
stresses. Usually is set to 1 [29] because, as the previous case, it has little
influence on the final runout distances and velocities. It is defined as

follows:
Kapp = tan [45° F 2] (2.15)

Where ¢ is the internal friction angle assuming a Mohr Coulomb model on

the vertical stress distribution.

RAMMS model has also been extended to a treatment called RKE which
adds a term of random energy to account for the influence of the velocity
fluctuations on the depth-averaged flow.

Numerical solution of RAMMS Voellmy model or a better treatment of RKE
are out of the scope of this thesis and can be found in the studies of Bartelt

and Buser (2009)[18,19]

Among the continuum models, the main variations accounts for the
constitutive modelling of snow. There are many experimental studies
[31][51[7] on the rheological examination of snow and it is common opinion
that snow is a non-Newtonian viscoplastic material. Some of the constitutive
equations proposed are for instance: Newtonian fluid, Bingham fluid,

frictional Coulombic fluid.
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Hutter and Savage [32],[33] showed that assuming snow a dry granular
flow and describing it through a Coulomb law it well captures steep smooth
inclined channels.

Sometimes the significant variations in the material caused by a small
change of air temperature or the diversity of snow consistency with the size
scale, allows the simple models to be preferred to more refined and complex
rheological laws.

The reader must consider that validation of complex models is extremely
difficult because of the lack of local experimental data and the scarce
representativity of the tests performed at laboratory scale. On the contrary
simple models can be validated through a back analysis considering global
parameters (geometry features of the avalanche and velocity along the

slope) that generally are easier to collect from site experiments [19],

[34][21].

2.3 Review of numerical models for granular flow

The previous treating showed the reader a framework about the models
specifically developed for snow applications. This chapter wants to explore
more generic numerical approaches used for similar problems so that the
Material point method, employed in the empirical part, can be
contextualized. In the following page a series of deterministic models will

be presented with their pros and cons.

The models used to describe granular flows can be grouped into two big

families: the discrete and the continuum models.

Discrete models have been developed since the late 50s and they aim in
describing the medium at the microscopic scale. The most common method
is the Discrete element method (DEM); the material is discretized in
particles that move according the Newton’s laws of motion and interact

between each other. The behavior depends on the type of particle contact
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and on the interaction with the surrounding fluid. DEM is a very promising
method to study granular materials but, due to the high computational

effort for real scale application, it is rarely applied to the engineering

practice. [35]

On the other hand, the continuous models treat the medium as a
continuum and the governing equations can be expressed according to the
Lagrangian or Eulerian formulations.

Different approaches are used to subdivide the domain and solve the
equations leading to the fundamental division of mesh-based methods
(FDM, FEM) and particle-based methods (SPH, MPM, PFEM).

Both finite difference methods (FDM) and finite element methods (FEM)
consist in discretizing a continuous domain into sub domains which are
called elements. The former, generally, is applied to computational fluid
dynamic problems while the latter for structural mechanics applications.

From the 60’s and 70’s FEM has been developed and released in many forms
but the main versions are two and depend on the coupling or uncoupling of
the mesh with the material (Eulerian and Lagrangian FEM). In the Eulerian
FEM the computational mesh is fixed while the material deforms in time.
The method does not suffer any mesh distortion but it cannot handle
history-dependent material. On the contrary Lagrangian FEM deforms its
mesh as the material moves and has the advantage of giving the possibility
to deal with history dependent materials. However, in some circumstances,
large deformations leads to a cuambersome mesh distortion and misleading

results.[35]

Particle based methods discretize the continuum with a collection of
material points that carry the physical properties. This strategy allows to
overcome the mesh distortion problems typical of mesh-based methods

Many versions have been developed; here just those methods that were the

basis for the derivation of the Material point method will be reported.
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The Particle Finite Element Method (PFEM) has been developed in 2004
and consists in using the FEM for the discretization and integration of the
equations. Contrarily to classical version, nodes of the mesh behave as
particles and transport the physical properties. Then at every end of the time

step, the mesh is regenerated through a Delaunay Tessellation [35].

The Smoothed Particle Hydrodynamics (SPH) discretize the domain in a
cloud of particles but does not need any type of mesh because the physical
properties of the points are weighted through a kernel function depending

on the distance and density of the neighbor particles.

2.4 Material point method

The material point method (MPM) is a method in between the particle-
based methods and the Finite Element Method. [8]

It was developed in the 90’s by Sulsky and Schreyer as an extension of the
fluid implicit particle method (FLIP) [9].

This method allowed to solve at the beginning solid mechanic problems and
extreme loading conditions. It has been used, as example, for large
deformations problems as penetration [10], collision [11], crack propagation
[12] and granular flow [13].

Compared to the standard Lagrangian FEM, MPM allows to model
successfully large deformations problems because it does not suffer any
severe mesh distortion that lead to inaccurate results.

In 2013 there has been a big resonance within the research community
because it was used for the animation of the Disney movie “Frozen” and its
potential was publicly recognized [14].

Few years later the Swiss institute for snow and avalanche research (SLF)
started a project to adapt this model with accurate physically-based

constitutive law in order to simulate snow slab avalanches [15].
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Figure 2.2 MPM Space discretization [5]

MPM, as shown in Figure 2.2 MPM Space discretization [5], consists in
discretizing a continuum body Q with a finite set of np material points. Each
particle represents a portion of the total mass and carry variables such as
position, velocities, strains and stresses. Material points form therefore a
Lagrangian frame of reference while the domain in which they are moving
is Eulerian. Finite element mesh is fixed and it is basically used just to solve
the equations of motion. [38]

The variables needed are transferred first from the material points to the
nodes of the grids through shape functions [5]. Then, after having set the
boundary conditions at the particle or at the mesh nodes, the governing
equations are solved at the grid level (Figure 2.3 Calculation steps of
MPMbD).

The incremental change in nodal velocity is then updated and transferred to
the MP location (Figure 2.3 Calculation steps of MPM through the same
shape functions.

Stresses and state variables are consequently computed accordingly to the
constitutive material chosen. Final step of the iteration consists in updating
the particle velocity and position (Figure 2.3 d)

The information at the mesh level can be discarded and the procedure starts
its iteration avoiding any kind of mesh distortion [5].
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Figure 2.3 Calculation steps of MPM

2.4.1 Formulation of the single-phase MPM

In this chapter the formulation of the one phase MPM will be presented
together with the computation scheme adopted by the code AnuragD.
Material point method has a lot in common with FEM, actually one can be
seen as an extension of the other.

The two methods share the weak form of the governing equations that

derives from the conservation of momentum

08 (2.16)

J 6vsp—d!2 6vsrst+J6vSpgd.Q—f 6vs———0;;d()
0 o) 0x;

With §vindicating the test function or virtual velocity, p the density and d2
the boundary of the domain. 2, and 7, are respectively the boundary and

the stress if a traction condition is applied and o;; the stress tensor.

33



Equation (2.16) states therefore that the inertia at the left hand is equal to

the sum of external forces, body forces and internal forces.

Strains and stress tensors are represented in vector form, taking advantage

of the tensor’s symmetry

e(x,t) = [e11 €22 €33 2615 2653 2€31]7
o(x,t) = [011 02y 033 011 053 0€31]T

As in FEM, nodal displacement, velocity and acceleration are

approximated through shape functions
u(x, t) ~ N()u(t)
v(x,t) = N)v(t)

a(x,t) ~ NG)a(t)

The kinematic relation can be written as:

e(x,t) = Lu(x,t) = LN(x)v(t) = B(x)v(t)

With L being a linear differential operator and B having the following

form:
[ON;
i(x) 0 0
0x,
0 dN;(x)
dx,
oo Z
Bi(x) =] — — s
dN;(x) ON;(x) 0
dx, J0x;
0 ON;(x) ON;(x)
J0x; dx,
ON;(x) IN; (x)
[ Ox3 dx; |

(2.17)
(2.18)

(2.19)
(2.20)

(2.21)

(2.22)

(2.23)
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The weak formulation (2.16) in matrix form yields to:

Ma = Fext 4 pgrav _ Fint (2.24)

2 00y 0 0

At this stage the main difference between FEM and MPM arises:
in FEM the integration is carried out using the Gaussian quadrature while

in MPM the quadrature points coincide with the material points n, and the

weight is associated to their volume 02,,.

Np
j BTod0 = z 2,B"(x,)0, (2.26)
n =1

Mass matrix M depends on the position of the material points and on their
mass. At the initialization stage every material point has the same portion
of the element volume.

1 .

Nep Jo,

U

Where Q, represents the particle volume and n,, the number of particles

within the element

Equation (2.27) confirms that, at the initialisation, each MP has the same

mass within the element, i.e.

m, = Qyp, (2.28)

In which p, denotes the mass density of the material belonging to the

particle p
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Mass matrix to solve equation (2.24) has to be inverted and, for
computational purposes, considered in a diagonalized form called lumped

mass matrix. It is defined as follows:
"'p (2.29)

M= fNTdeQ = Z m,NT(x,)N (x,)
0 p=1

External and gravity forces are calculated as:

"' (2.30)

Ftrac — z NT(fp) flgrac

p=1

D
Fgrav — Z NT(S(p) fpgrav
p=1

(2.31)

The traction force "¢ indicates the external force vector which is acting

on the material points close to the element border.

Neri (2.32)

ZN (§)7e e

ftrac =1.(x
P e( p) nebp nebp

With n,, denoting the number of MP situated next to the loaded surface S,

The other part of the external forces is the gravity force fJ *’that is
computed in the following way
57 = myg (2.33)
The equation (2.24) is discretized in time by replacing the differentials in
the ODE by finite difference quotients, i.e.:
at = Mt—l(Fext,t + Foravt _ Fint,t) (2.34)

piHAL — pt 4 gt AL (2.35)
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The explicit scheme is conditionally stable, and the threshold is set by the
critical time step which depends on minimum length of the element mesh [,

and on the velocity of the compression wave in the material c,

l (2.36)
Atoyir = C_e
P

E, (2.37)
Cp = ?

The term E_ in equation (2.37) is the constrained compression modulus that

for elastic material is expressed as:

_ (1-v) E (2.38)
S (A+v)(1-2v)

E.

In the code Anura the parameter responsible to change the time step is the
Courant number C. It has crucial role when processes are highly dynamic
and energy conservation is important while in quasi static conditions it can

be set close to the value 1 (C=0.98).

At (2.39)

C =
Atcrit
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2.4.2 Single step solution algorithm

This paragraph will show the computational cycle to solve the governing
equations. It consists in a series of steps to update the situation of a

continuum form time t to time t + At. [7,10]

1. The nodal mass is calculated through the shape functions and the
lumped mass M? is assembled. Through equations 2.11, 2.15 and 2.16

the internal and external forces are evaluated.

2. The momentum equation (2.24) is solved for the nodal acceleration

at = Mt_l(Fext,t + Foravt _ Fint,t) (2.40)

3. The material point velocities are updated through nodal

accelerations and shape functions

Nnodes
A Z N;(&) af At (2.41)
i=1
4. The nodal momentum is updated, and the nodal velocities are
computed
Tlep
MEytHAL ~ Z m,NT(&5) vy (2.42)
p=1

5. The incremental nodal displacement is calculated

6. The strain increment at the material point location follows as

AgghAt = B(&5)AutAt (2.44)

Strains are then multiplied for the chosen constitutive matrix to

obtain MP stresses
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7. The volumes associated with the material points are updated through

the volumetric strain increment and the density is recomputed
Qt+at — (1+ Ae t+At)  and pt+At — Pp (2.45, 2.46)
p vol,p p (1+A£vol,pt+At)

8. Material point positions are updated considering

Nnodes

u,t,+At=u§+ Z N(S;zt))uf-'-At (2.47)
i=1

9. The grid is reinitialized discarding the nodal values and detecting the
new number of particles within each element. A new local position of

each particle is computed through the shape functions.

2.4.3 Contact algorithm

The contact algorithm is fundamental in the propagation processes because
it rules the energy dissipation of the flow and avoids interpenetration of
material. In Anura it has been implemented as a predictor-corrector scheme
at the nodal velocity level.

The algorithm first detects which are the contact nodes comparing the
predicted velocity of the two single bodies to that of the combined system.
Velocities are obtained from the momentum balance equations evaluated at
the node k:

M Vax = Fik (2.48)
ViRAL = vl L+ AtTh (2.49)
The same for the body B
Mp Vg = Fg i (2.50)
ViR = vl + AtDE (2.51)
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And for the combined system

(Mg + Mg ) Vsys = For + Fip (2.52)
vg;.?li = vsys k + Atvstys,k (2-53)

bob

B I
| body A
- body B

~ node ®

Figure 2.4 Contact algorithm scheme [39]

At this point if the velocities v}*¢ # v&rd means that the node is a contact
node.

Once it is detected, as expressed in Figure 2.5, the algorithm checks if the
bodies are approaching or separating. This task is performed comparing the
normal component of the single body velocity with the normal component
of the velocity of the system.

If Eq (2.54) is fulfilled means that the two bodies are approaching and a

correction is required.

(vai — vyek) - mi >0 (2.54)
Being n‘the unit outward normal to the body A

The predicted relative normal and tangential velocities are:

A A A

vES R = (WG — Vi) - mf] (2.55)
A t+At _  t+AL

vg;ngc - nk [(UA-'I; s;—s k) X le] (2'56)
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Two bodies which are sliding have a magnitude of tangential force which

must be greater than a so defined force:

JE+HAL A A
ter?i = faank + W firorm (2.57)

Where f12¢is the adhesive force at the contact and f;5+Af can be evaluated

from the first Newton equation considering Eq.(2.56).

The predicted single body velocity vi*** is corrected to a new velocity

75 *Asuch in a way that the normal component coincides with the normal

component of the combined bodies and the tangential force has the value of

Eq.(2.57)
maxt+At | pt+dt
pLEAt — pt+At 4 tan.k + fnorm,k At (2-58)
Ak — Vak T
my g

Having calculated the velocity of the contact node #5¥**, the corrected

acceleration (Eq (2.59)) is used to compute the velocities of MPs and update
their position, strains and stresses. The contact algorithm is therefore

applied between the Lagrangian phase and the convective phase.

~t+At t
A = YVak ~—Vak (2.59)
Ak At

The basal friction and the contact algorithm are fundamental for
propagation problems because, as it will be shown in chapter 3, they
significantly modify the shape of the flow, the position of the front in time

and the runout.

Figure 2.5 Flow

Contact node?

No
E1 Stick or slip?
Apply

No
correction
correction

ﬂ{ Normal component }—> Prevent interpenetration
*’{ Tangential component ’——> Fulfill contact law

chart illustrating

the contact

Approaching bodies?

No
correction

algorithm [57]

Stick

No
correction
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CHAPTER 3
NUMERICAL MODELLING AND RESULTS

3.1 Small scale

3.1.1 Introduction of the experiment

The purpose of the first stage of the thesis is to model with MPM a small-
scale setup of the avalanche phenomenon and compare it to the experiments
performed by Hutter in 1995 [32]. Through the experience gained with
Anura MPM code, it was chosen to approach the problem starting from a
two-dimensional condition able to capture the characteristics of motion
from the release to the final run-out. The aim in this phase is to keep the
treatment as simple as possible neglecting large-scale effects, and to explore
the sensitiveness of the MPM model by changing the main numerical and
mechanical parameters.

An elastic-plastic model with Mohr Coulomb failure criterion and Bingham
constitutive law are used to model the snow behaviour. Both the models and
the set of optimized parameters will be presented and commented.

Hutter’ experiments were performed in a 100 mm wide chute made of two
straight portions 1700 mm long and an arc radius connecting them (R=246
mm). As shown in figure 8 in the upper part of the channel the material is
confined by a rotating gate that can be suddenly released and triggers the
motion of the particles down the chute.

In his work he performed a series of tests changing the material of the

particles (glass beads and PVC), inclination (40°,50° and 60°), bed lining
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(drawing and sand paper) and total mass released (ranging from 500 to
15008).
The side walls in every experiment were made of a smooth plastic material

to keep the flow as much two dimensional as possible. [32]

Jyf:n'

/ Tl —
;. E=162 (for4ce) E=332 (for40°)
b‘c_‘gﬂ E=166.3 (for 50°) £ = 3363 (for50°)
£=1706 (for60°) | £ = 340.6(for60°)

b) c)
Figure 3.1 Side view (a) and cross section (b) of Hutter’ s set-up with different

inclinations. In the right corner (c) the detail of the release system [32]

Hutter recorded through a camera the mass motion and, for each
experiment, collected trail and leading-edge position and velocity.
Unfortunately, as mentioned also in a previous study [40], the only result
fully available is the experiment #87 and this last one will be used as a

reference  experiment to calibrate the MPM  simulations.

Table 3.1 Experiment 87 setup

Internal Bed
friction friction
angle (°)  angle (°)

Experiment . - Inclination of
number Material Bed lining the chute (°)

Vestolen 1500g

87 950 Kg/m

Drawing paper 20 29 20-23
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Figure 3.2 Series of pictures taken at different times during the experiment
#87

3.1.2 MPM model

The numerical model of the chute has been built considering the problem
2D (plane strains) because the code is still too demanding in term of
computational time when simulations have large scale. The aim is therefore
to evaluate both at the small and real scale the accuracy of the 2D model.

As a first approximation the non-linear behaviour of snow has been
described with an isotropic elastic-perfectly plastic model with Mohr-
Coulomb failure criterion. The constitutive law of the base, on the contrary,
does not affect the dynamic of the avalanche because it works just as a

medium to apply the contact algorithm.
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Here below in Table 3.2 are shown the material constitutive parameters

adopted in the simulations with Mohr Coulomb failure criterion.

Table 3.2 Material properties (In brackets are reported the values kept fixed

during the sensitivity analysis)

Parameter Symbol Value
Density (Kg/m?3) 0 950
Porosity (-) n’ 0.4
Effective Poisson ratio (-) V' 0.3
Effective Young modulus £ 20-200000
(kPa) (2000)
Effective Cohesion (kPa) c 0
Friction angle (°) ) 10-40 (25)
Dilatancy angle (°) b 0

Porosity was set equal to 0.4 since the bulk density corresponding to the
densest particle packing was 540 Kg/ms3 [32]

Release volume has been found that highly influence the results; so, as an
assumption, the 2D model has a volume which equals the exact volume and
itis 1.5 Kg.

During every simulation the material has some time to adjust on the base
and to reach a condition of equilibrium in term of stresses. This procedure
is called quasi static convergence and it is recommended by the authors of
the tutorial [21] in the example of the column collapse.

The sensitivity analysis performed showed that Courant number (0.6-0.8-
0.9-0.98) and Young modulus (200-2000-20000-200000) do not affect
the overall behaviour of the avalanche. The numerical parameters are

therefore set as follows:

Parameter Symbol Value
Unstructured
Mesh size triangular
3cm
Number of particles per element 3-25 (3)
Courant number (-) C 0.6-0.98 (0.9)
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Numerical damping 0 0.05
Bed friction angle (°) 0 0-35 (21)
Bed contact cohesion (KPa) C 0

Table 3.3 Numerical parameters

The size of the mesh and the number of material points affected the
results; For this reason a further study on the influence of the number of
material points has been carried out.

On the basis of similar works [15,16], the mesh chosen was triangular-

unstructured with a size of 3cm.

\Zcm

/

&~ 3cm

Figure 3.3 Detail of the mesh model

3.1.3 Results

The evolution of the flow is in good agreement with the experiments,
especially the position of the front. The length of the deposit on the contrary
is greater than the experiments because the trailing edge as soon it reaches
the flat part it stops.

This trend is typical of every simulation in the sensitivity analysis.
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Results are fairly insensitive to internal friction angle @ but react critically
to the values of bed friction angle 6 confirming Hutter’ s numerical findings
[32].

For every simulation performed, the avalanche position and velocity of the
front (XF, VF) and rear (XR, VR) have been recorded.

During the initial phase the data were taken qualitatively because of the
difficulties in defining the shape of the avalanche. Same problem was
encountered by Hutter in 1995 [32] and has been solved adopting the same
approach used by Ceccato [42]. To keep the treatment as objective as
possible, the problem of faster MPs was overcome by considering the
average value of the first and last 20 points.

Comparing the 2 graphs of Figure 3.4 and Figure 3.5 can be highlighted the
strong influence of bed friction compared to the interparticle angle. Increase
in friction translates in higher energy dissipation and consequently shorter
runouts.

Regarding the shape of the flow, as already found by Ceccato F.[44],
decreasing the basal friction coefficient, the avalanche has a more

compacted shape with higher thickness of the flow

35
3 X /'\/_4 ................
Endofthechute 7 7 gl
25
g 2
[N
=< 1.5
1
0.5
L 4
0 e
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
TIME (S)
&  Experiment *— BED 0° —A— BED 10°
------ - BED 20° =@ BED 21° BED 25°
BED 35° BED COMPLETELY ROUGH

Figure 3.4 Position of the front as function of the bed friction keeping fixed the

interparticle angle at 29°
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3.5

2.5
g 2
[N
x 1.5
1
0.5
0 e
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
TIME (S)
&  Experiment - - 10° —A— 20° 25° o9 —¥— 35° —@—40°

Figure 3.5 Effect of the interparticle angle keeping fixed the bed contact at 21°

The rear, as mentioned before, is influenced by the deposition of the
particles ahead and rest in a range of 40 to 60 cm before the experiment
evidences. Even with the extreme condition of absence of bed contact (blue

line) it still shows the same trend.

2.5
2
—~ 15
2
o
< 1
0.5
0 e
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
TIME (S)
&  Experiment —%— BED 0° —~A— BED 10°
e+ {}--- BED 20° @ BED 21° BED 25°
—+— BED 35° —@— BED COMPLETELY ROUGH

Figure 3.6 Effect of the bed friction angle on the rear position of the flow
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2.5

15
=3
<
1
0.5
0 e
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
TIME (S)
&  Experiment <ee3---10° —A— 20° 25° + 29° *— 35° —@— 40°

Figure 3.7 Effect of the interparticle angle on the rear position of the flow

In the graph of Figure 3.7 and the screenshot Figure 3.8 it is evident that
friction angle is affecting the propagation confirming the theory. This states
that the higher the friction angle is, the greater the frictional force
contrasting the motion of the block will be. The shape of the avalanche
highlights it: high interparticle angle corresponds to thicker and shorter
granular configurations while low angles, longer and thinner flows.

In the upper graph it is worth noting the inversion of the position of the
curves from the acceleration phase of the flow (t=0.4s) to the sudden

braking (t=1s) and rest.

1=0.6s Interparticle angle=10° Interparticle angle=25° Interparticle angle=35°

1.8

Valoctty (mys)
0.08+00 2 448+00
1

o7 X o X
Figure 3.8 Screenshot of the simulations at instant 0.6s
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Front velocity recorded at specific instant of time show that the model, in

the acceleration and braking phase, slightly underestimates front velocities.

Further investigations should be done in understanding the sensitivity of

the velocities by changing the number of material point which are

representative of the leading edge.

6

4
2 3
=3
w 2
>
1
0 e
. 0 0.2 0.4 0.6 0.8 1 1.2
TIME (S)
&  Experiment —¥—BED 0° .
O - - BED 20° e=—@=— BED 21°
—+— BED 35° —@— BED COMPLETELY ROUGH

Figure 3.9 Effect of the bed friction angle on the front velocity

1.4

BED 10°
BED 25°

1.6

Trailing edge velocity does not fit again the experimental results during the

deposition phase.

VR (M/S

0 e *
05 0 0.2 0.4 0.6 0.8 1 1.2

TIME (S)

&  Experiment —¥— BED 0° —A— BED 10°

..... - BED 20° e—@=— BED 21°
—+— BED 35° —@— BED COMPLETELY ROUGH

Figure 3.10 Effect of the bed friction angle on the rear velocity

BED 25°
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For propagation problems the number of material points representing the
medium has been found significant in shaping the runout of the avalanche.
The results obtained modelling the material with 12 and 25 points led to a
deposit that reached the end of the straight plane (Figure 3.12).

The higher the number of points the faster and stretched the flow resulted
(Figure 3.12).

3.5 End of the chute

3

2.5
g 2
< 1.5
1
0.5
0 e
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
TIME (S)
&  Experiment ={J==3POINTS PER ELEMENT ---A--- 6 POINTS PER ELEMENT

12 POINTS PER ELEMENT —@— 25 POINTS PER ELEMENT

Figure 3.11 Position of the front along the trajectory considering different

number of MP per element

1.8
1.6
1.4
1.2

XF-XR (M)
=

0.8
0.6
0.4
0.2 *
0 e
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

TIME (S)

& Experiment === 3POINTS PER ELEMENT —A— 6 POINTS PER ELEMENT
12 POINTS PER ELEMENT —@— 25 POINTS PER ELEMENT

Figure 3.12 Length of the avalanche (XF-XR) by changing the number of MP’s
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3 points per element 6 points per element

T S e e e . S e e

12 points per element 25 points per element

!
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$$$$$ e e e e AR : T T . S s nai adagh e e i o

Figure 3.13 Final shape of the deposit at time 1.6s

The same simulations have been computed considering snow as a Bingham
fluid. The aim of this phase is to make a comparison with Mohr Coulomb
and to find the set of parameters for both models that best fit the
experiments.

As previously done for the other simulations the first approach was
understanding the influence of the main parameters; in the case of Bingham
they are dynamic viscosity, yield threshold and bed friction.

Looking at Figure 3.14 can be noticed that, considering snow a Newtonian
fluid, the order of magnitude of the viscosity which best fit the empirical
results is in a range of 1.0E~2 + 2. 5E~2. Both values are considerably higher

than the viscosity of water (~1.0E"®KPa - s)

3.5
____ T o ]
3 End of the chute PR P === =
2.5 g% o
& 15
0.5 , an i =t
o m |, @ 4+— ' ' '
0 e
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
TIME (S)
&  Experiment - - 0.001 Kpa*s —A— 0.01 Kpa*s 0.025 Kpa*s —+— 0.05Kpa*s

Figure 3.14 Position of the front considering a Newtonian fluid (Bingham with
threshold at o KPa) changing the dynamic viscosity
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The rear side of the avalanche, also in this case of a fluid material, has a

much lower runout compared to the experiments.

2.5

1.5

XR (M)

&  Experiment -+-f3---0.001 Kpa*s —&A— 0.01 Kpa*s

Figure 3.15 Position of the rear considering snow as a Newtonian fluid

Before the calibration of the others Bingham parameters, the bulk

0.6 0.8

TIME (S)

1

1.2

0.025 Kpa*s —+— 0.05Kpa*s

1.4

1.6

modulus and Young modulus have been observed having negligible effect

on results.
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Figure 3.16 Effect of the Young and bulk modulus on the shape of the deposit
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In the other sensitivity analysis snow was considered as a fluid with the
same viscosity of water. The yield threshold which divides the elastic to the

plastic behaviour, varied in a reasonable range (1 + 1E72)

3.5
3
End of the chute
2.5
g 2
< 15
1
0.5
L 4
0o e
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
TIME (S)
¢ Experiment -3 0.01 Kpa  —&— 0.075 Kpa 0.1 Kpa

—+—0.25Kpa  —*— 0.5Kpa —0— 1Kpa

Figure 3.17 Position of the front of the avalanche varying the Bingham yield
threshold

The increase in yield threshold led to a shape of the deposit which

underlines the plastic deformations undergone by the material (Figure
3.18)

Yield=0.01KPa Yield=0.075KPa Yield=0.25KPa Yield=1KPa

Figure 3.18 Screenshots of the material deposit at time t=16s

From the previous computations, the yield threshold was assumed to be
fixed at 0.075 KPa while viscosity and bed friction have been calibrated.
The combination of parameters which best fit the experiments is reported

in brackets in the following table and represented in Figure 3.19.
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Table 3.4 Bingham material parameters

Parameter Symbol Value
Density (Kg/m3) 0 950
100-100000
Bulk modulus (kPa) K (1000)
Poisson ratio (-) V' 0.3
Dynamic viscosity (kPa*s) 0.001-0.05
v (0.001)
Bingham yield stress T 0.01-1(0.075)
Elastic Young modulus (kPa) 10-100000
(2000)
Effective Cohesion (kPa) ¢ 0
Friction angle (°) ) 15
Dilatancy angle (°) Y 0
3.5
3
2.5

)

XF AND XR (M
=
v N

=

0.5

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
TIME (S)

4 XFExperiment - 3 XF model ¢ XRExperiment = —&— XR model

Figure 3.19 Position of the front and rear of the avalanche for the Bingham
model with t = 0.0075KPa and v = 0.001 KPa - s

As already found in the Mohr Coulomb computations, the rear of the flow
does not match the experiment (black line of Figure 3.19) and the increase
of material points shifts forward the material (Green and yellow line of

Figure 3.20)
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3 End of the chute

2.5
g 2
< 1.5
1
0.5
0 e
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
TIME (S)
* Experiment - 0 3 POINTS —aA— 6 POINTS 12 POINTS @ 24 POINTS

Figure 3.20 Position of the front of the avalanche for the Bingham model

considering an increasing number of material points per element

3.2 Medium scale

3.2.1 Introduction of the experiment

At this step of the thesis the findings at the small scale of dry granular flow
will be extended to dense snow at the medium scale. This is a fundamental
link to investigate the limits of the available MPM constitutive laws in
modelling the propagation. Among the type of avalanches, in the last
decade, there have been studies that identified clear differences between dry
and wet snow flows [18,19]. From an engineering perspective, to guarantee
higher level of safety, the most critical condition for the defensive structure
has been chosen and the flow was therefore considered dense.

The experiments used to calibrate the model were carried out on a snow
chute in Dhundi, India [46]. The test site is located at 280om a.s.l. and is a
channel 61m long and 2m wide. The geometry of the chute follows the
scheme in

Figure 3.21.
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Figure 3.21 Detail of the Dhundi snow chute

and focus on the deposition area.

Chute experiments are important because they have the advantage that the
initial fracture conditions, geometry of the flow and properties of the flow
materials are defined.

From the results of the experiment [46] the information about the velocity
at a specific section could not have been matched with the run-out
information [47] because the tests had different snow volumes and
densities.

The decision taken was to consider the final position and shape of the

deposit rather than the information of velocity at a specific point.

~+-58-Simulated- snow debris height(m)
+ Observed- snow debris height(m)

: (c)

Snow density =300 kg m”

12° slope

Snow debris heiht (m)

Test bed(-1.8" slope)

i .
7 .
0 *

0 2 4 6 8 10 12 14 16 18 20 2 u
Distance along the snow chute surface (m)

Figure 3.22 Final shape of the deposit measured experimentally and simulated
with a CFD code [47]
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3.2.2 MPM sensitivity analysis

The problem was modelled 2D and snow has been considered with a failure
criterion of the type Mohr Coulomb.

The interparticle angle of snow in nature varies from 80° (fresh snow
crystals) to 10° (highly wet) [47] but in this treating, as the flow is assumed

dense, will be set at maximum 25°.

Parameter Symbol Value
Density (Kg/m3) 0 300
Porosity (-) n’ 0
Effective Poisson ratio (-) v 0.3
Effective Young modulus (kPa) E 200
Effective Cohesion (kPa) ¢ 0
Friction angle (°) 0} 16-25
Dilatancy angle (°) Y 0
Number of particles per element 3
Numerical damping 0 0.05
Bed friction angle (°) 0 15-25 (18)
Bed contact cohesion (KPa) C 0
Unstructured
Mesh size triangular
15 cm

Table 3.5 Mechanical and numerical parameters for the MPM model of Dhundi

snow chute

At the beginning the material was modelled also as a Bingham fluid but the
numerical instabilities due to the sharp discontinuity of the stress-strain
relationship led to the decision to leave this approach.

Already in the simulations of the experiment of Hutter there were some
small instabilities but did not affect the overall behaviour of the flow; now

at a medium scale the flow has larger velocities and they become critical.

From the simulations performed with Mohr Coulomb model the deposit had
a much higher thickness than the experiments. Figure 3.23 shows that the

run out modelled is three times thicker than the real one.
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Repose angle in a range 16°-25° does not affect a lot the results; the deposits

have the same height and similar shapes.
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Figure 3.23 Sensitivity of the final run-out changing the angle of repose ® and
keeping fixed the contact friction 0=18°

The sensitivity analysis for the bed contact friction parameter highlights
that the center of mass, as expected, is shifted forward and is more flattened

for decreasing 0.
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Figure 3.24 Effect of the bed contact friction keeping fixed the interparticle angle
at 20°
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The importance of the mesh size and number of material points is further
investigated and seems that up to a size of 30cm the behaviour follows the

same trend, then it begins to deviate.
Mesh=0.15m Mesh=0.3m Mesh=0.6m

e
\— w— ‘h‘““"‘ﬁu; R R e

Figure 3.25 Screenshot of the final shape of the deposit for different mesh sizes

A low number of material points is not the reason of the deviation of the
60cm mesh setting. Even with 8 times the number of MP per element,
another simulation showed that the deposit was completely different from
the others performed. The cause must be ascribed mainly by the low
numbers of elements (1-2) along the depth of the flow which leads to
inaccuracies in solving the governing equations.

Nevertheless, material points influence the shape and position of the front
(Figure 3.26) and confirm the findings of the previous -chapter.
It must be pointed out that the comparison of the numerical output with the
experiments, considered just the deposition, which is a small part with

respect to the entire propagation (Figure 3.21).

3 points per element 6 points per element 12 points per element

Figure 3.26 Screenshot of the final shape of the deposit by changing the number
of MPs and keeping fixed the mesh at 0.3m
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3.2.3 RAMMS sensitivity analysis

Dhundi experiment has been used as a reference test to investigate the
accuracy of the propagation model RAMMS and to get experience about the
sensitivity of its parameters.

Compared to MPM, RAMMS is a completely different model which is based
on the Voellmy depth-averaged flow equations coupled with the three-
dimensional digital elevation of the terrain (See chapter 2.2).

Since 2015 has been widely used in Europe for modelling dynamic of
avalanches both in engineering both in research [22,23]

The main parameters governing the flow in the VS model are the sliding and
turbulent friction pu and €. They split the total basal friction in two terms
which resemble a dry Coulomb resistance and a Chezy-like friction. This
decision was taken to accurately model the avalanche both in the

acceleration and run-out zone.[49]
2

pgu
3

with N = pgcos® (3-2)

S¢ = uN + (3.1)

RAMMS is a 3D model and therefore the results have been considered
taking a section along the line passing in the middle of the chute.

The friction inputs varied in the range 0.2 < y < 0.4 and 850 < ¢ < 1750 as
suggested by the studies of Bartelt and Gruber performed in the Alpine area
[28].

Data from the simulations showed that the sliding friction u accounts much
more than the turbulent friction ¢ regarding the height of the deposit and
position of the center of mass.

As in the case of the MPM model, the height of the deposit is overestimated
in every scenario by RAMMS model.
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Figure 3.28 Sensitivity of the model to the parameter € keeping constant u
=0.3

The experience gained with the RAMMS model suggested that the main
parameter which has a larger effect on both run-out distance and
avalanche velocity is the avalanche volume released. This thesis has been

confirmed later by the study of Buhler et Al. [48]
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3.3 Large scale

In this section the findings of the previous chapter will be extended to study
the propagation and impact of a real event in Val di Zocca, Masino. In
history, the two mountain huts Allievi and Bonacossa, have been damaged
three times; we found therefore interesting deepening the understanding of
the phenomenon.

Unluckily almost no data were recorded during these events because of the
winter inaccessibility of the area and the scarce interest of the Italian snow
agency (AINEVA).

The problem will be analysed using a scenario-based approach to consider
the variability of the release mechanism and the flowing parameters.
RAMMS will be used as the reference model for the propagation and will be
compared with MPM 2-D. This decision is supported by the experience
gained with that model in these last twenty years in the Alpine area.
Furthermore, the impact of the previous flow against a deviating wall in the

proximity of the huts will be studied.

3.3.1 Val di Zocca framework

Allievi and Bonacossa are two mountain huts located in Val Masino, a lateral
valley of Valtellina in the province of Sondrio. More precisely they are in the
middle of the glacial amphitheatre of Val di Zocca at 2395m.

This area represents the northern boundary between Lombardy region and
the Swiss Confederation.

The landscape is alpine and the slopes below Punta Rasica host a little

glacier called Rasica ovest (~11.5 ha)
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Pt. Rasica
3293mt

Cima di Castello )
4

Figure 3.29 Val di Zocca 3D model, in blue the historical data of snow
avalanches (Geoportale Regione Lombardia). The red pin highlihts the position

of Allievi and Bonacossa huts

The buildings throughout history underwent many changes that are worth
mentioning.

In 1897 the first shelter was built (Capanna Zocca) but a year later it was
destroyed due to causes unknown. It was rebuilt in 1905 and dedicated to
the Italian alpinist Francesco Allievi; this building in 1916 got hit by a snow
avalanche and had to be reconstructed again. During the First and Second
World War has been used as a military outpost because of its strategical
location and closeness to the Swiss border.

In 1988 the alpinism was becoming popular and the section CAI of Milan
decided to proceed with a call for applications to build, in the proximity, a
new hut dedicated to the Bonacossa Brothers.[50]

The actual version, shown in Figure 3.33, dates to 2000 when the hut was
damaged for the third time by an avalanche and needed some extra-

maintenance works.
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Figure 3.31 Version of the building Figure 3.30 Internal damage of
in 1916 Bonacossa hut after the 2000 snow

avalanche event

Figure 3.32 External damage Figure 3.33 Current version

(December 2000) of Allievi and Bonacossa hut

3.3.2 Propagation analysis

The RAMMS model has been initialized with a digital terrain model of 5x5m
resolution (ed. 2015), the snow density was fixed at 300 Kg/m3 and the
standard flow parameters ranged from a return period T of 30 to 300 years
[28].

Release flow height was assumed to be lower than 1m as suggested in several
studies of dense snow  avalanches ([21, [29], [48]).
The simulations have been calculated considering a set of possible release

scenarios as reported in
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Table 3.6.

Slab height Release volume

Scenario Area

(m) (m3)
A RED 0.5 8416
B RED 1 16832
C GREEN 0.5 35263
D GREEN 1 70526
E BLU 0.5 33665
F BLU 1 67331
G PURPLE 0.5 72033
H PURPLE 1 144067

Table 3.6 RAMMS scenarios considering different release volumes

As already mentioned in chapter 3.2.3, the main parameter governing the
flow propagation is the release volume. During the initial stage the volumes
have been chosen considering the slopes with maximum inclination
(SCENARIOS from A to D) but the results showed that those areas were too

small, and the flow did not reach the huts even in the worst case of T=300

66



years.

In the second stage the release areas were enlarged, and both the scenarios
G and H partially or severely damaged the lodges (¢ and ¢ for T=300 years)
The choice of the most likelihood release area is therefore a critical step of
the modelling process; usually this task is left to mountain expert who base
their decision on similar events because a reliable release model has not yet
been developed [51]

Flowing parameters have been assumed to be fixed with a return period of
T=300 years in order to consider the worst possible scenario (Figure 3.34).
They are automatically computed evaluating the curvature from the digital
model of the terrain and identifying the type of slope (open, channelled,
gully or flat).

112500 1437.50 175000 206250 2375.00 2687.50 3000.00
Xi (m/s2)

Figure 3.34 Frictional u and ¢ parameters for T=300 years

This assumption, however, does not influence a lot the outcome because the
simulations with parameters T=30 and T=100 years have almost the same
propagation with a mismatch of just few cm of flow height and maximum 2-
3 m/s of velocity in the proximity of the huts.

Very difficult has been the evaluation of the runout distance because of the
gully and the steep change of slope just below the two huts. The flow,

therefore, cannot deposit and continues its path towards the valley.
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The simulations showed that the flow rapidly accelerates in the first open
slope, reaching velocities up to 45 m/s.

At 20s after the release, the avalanche feels the presence of the counter S-E
slope and begins to direct into the wide channel.
A big portion of the volume, at 40s overcomes the natural barrier and spread
down the open slope at the right of the channel that leads to the mountain
lodges. The rest of the flow undergoes a steep right turn that dissipates a lot
the velocity and channelized in a gully. Approximately at 70s, the rather
small channel cannot drain all the flow and a small portion of it exceeds the
edges and flows down the slope just above the two huts. This last stream

completely flows over Allievi building and partially covers Bonacossa one.
10.00
833
a6t

5.00

Flow height (m)

333

t=20s t=30s t=40s
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t=50s t=60s t=70s

t=80s t=90s t=100s

Figure 3.35 Screenshots of the scenario H at different instants of time

Previous simulations showed the propagation in space, but the results
needed to be extracted along a profile otherwise could not be compared with
the 2D MPM model. The profile chosen followed the gradient of the
maximum velocity in the first part of the slope and then matched the
trajectory towards the huts (

Figure 3.36)
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Figure 3.36 Cross section profile used as topographic input for the MPM

simulation

Considering the problem 2D plane strains turned out to be a heavy
assumption but was the only choice available. Unluckily the computational
cost and the instabilities of Anura code did not allow to model such a large-
scale problem 3D.

Although the propagation differs considerably from one method to the other
because of the strong influence of the geometry and the different
constitutive behaviour, the MPM maximum velocities matched quite well
the RAMMS results.

The material point method has been calibrated considering firstly the
friction angle which corresponded to the same propagation time, from the
release to the impact, evaluated with RAMMS. Secondly, the interparticle
angle ranged from 10 to 20° in order to investigate the differences and to
select the simulation which best fit the RAMMS findings.

In the following table are reported the numerical and mechanical

parameters employed in MPM simulations:

Parameter Symbol Value
Density (Kg/m?) P 300
Porosity (-) n’ 0
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Effective Poisson ratio (-) Vv 0.3

Effective Young modulus (kPa) E 200
Effective Cohesion (kPa) c 0
Friction angle (°) ) 10-20 (12)
Dilatancy angle (°) Y 0
Number of particles per element 3
Numerical damping 0 0.05
Bed friction angle (°) 0 5-25 (20)
Bed contact cohesion (KPa) C 0
Unstructured
Mesh size triangular
m

Table 3.7 Numerical and mechanical parameters of MPM real scale

propagation

The best fitting simulation to the RAMMS results has been that one with an
interparticle angle of 12° and a contact friction of 20°. The front of the
avalanche, with this last setup, reached Allievi hut in 69s compared to 72s
of the other model. The results were very sensitive to small variations of
interparticle angle and, for instance, with just 1° increase the flow could not
reach the lodges.

In Figure 3.37 are reported the MPM results extracted manually each 50 m
together with the RAMMS ones.
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Figure 3.37 Maximum flow height registered along the section profile over the

whole simulation time
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MPM shows four main peaks of flow height (400,600,1300 and 1750m); the
first two are related to the sharp change of slope of the valley present at
approximately 30om of distance. Here the flow suddenly brakes, and the
front is overtaken by the rear faster flow. The avalanche changes therefore
its shape and becomes thicker. The behaviour is confirmed by the velocity
pattern of Figure 3.38 that highlights an evident decrease of speed from 400
to 650m.

Third and fourth peaks follow the same reasoning and are effects of the

change of slope at 1200 and 1700 m.

The evident mismatch of the height magnitude is mainly due to the 2D
impossibility of lateral spread and by the differences in the constitutive laws.
RAMMS model shows another glaring peak at goom (number 5 in Figure
3.38)
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Figure 3.38 Maximum flow velocity registered along the section profile over the

whole simulation time
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3.3.3 Impact analysis

This subchapter investigates the impact of the snow avalanche against a
barrier placed 5 m ahead of Allievi hut. Among the possible mitigation
measures, after a quick cost-benefit analysis it was chosen the option to
directly protect the building through a wall. The remoteness of the area
leads to high working cost that cannot be justified by such a low exposure.
Actually, during the winter season, the lodges are closed and usually no
people visit those mountain slopes. Furthermore, as found in the
propagation analysis, the huts are not on the direct track of the flow but are
hit by a secondary flow that climbs over the edge of the channel. These
considerations suggest therefore a solution which is relatively simple and
cheap to be implemented.

Hexagonal woven mesh gabion boxes are employed for slope stability
applications, but their versatility fits well also for such a marginal impact.
In order to design this protecting wall, the evaluation of impact actions is of
fundamental importance.

In this treating the results of the propagation with RAMMS model (Scenario
H) will be used as boundary condition to study the impact with the MPM
approach. The following description is intended to represent only the
dynamic of the dense core, which is the predominant factor if compared to
the fluidised and powder parts. The analysis does not consider any

entertainment effects of boulders or tree trunks within the flow.
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Figure 3.39 Flow velocity at t=74s Figure 3.40 Flow height at t=74s
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Impact velocity of the flow, has been chosen on the safe side, fixed at 15
m/s (Figure 3.39).

Here below are presented the numerical and mechanical parameters used
to model the snow and wall materials.

The gabions were modelled with the simplest law of the type linear elastic.
Numerical parameters have been set considering the findings on granular

flow impact of Ceccato et Al,2018 [43] .

Parameter Symbol Snow Wall
Material model MOHR- LINEAR-
COULOMB ELASTIC
Density (Kg/m3) 0 300 2013
Porosity (-) n 0.4 0.3
Effective Poisson ratio (-) V' 0.3 0.3
Effective Young modulus (kPa) E 10-10000 1-1000
Effective Cohesion (kPa) ¢ 0 -
Friction angle (°) 0} 20 -
Dilatancy angle (°) Y 0 -

Number of particles per element 3 3

Numerical damping 0 0.05 0.05
Bed friction angle (°) 0 5 5
Bed contact cohesion (KPa) C 0 0
Unstructured Unstructured
Mesh size triangular triangular
15-60 cm 15-60 cm

Table 3.8 Material parameters employed in the impact simulation

Mechanical parameters of the woven mesh gabion boxes have been
deducted from the price list.[52]
Knowing that a 200x100x100 cm module weights 3100 Kg and assuming a

porosity of 0.4, the density has been calculated as follows:

14 2
=Ty =13 = 1om
m 3
p = =2013Kg/m (3-4)
S
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Results of the simulations showed that the phenomenon is highly influenced
by the dynamic of such a low-density fluid. The low inclination of the front
(~8°) is the reason of low impact values compared to the national guidelines
for snow load. Impact geometry has already been found by Calvetti et Al.
[53] being the leading factor in the different deformation and energy

dissipation processes.

lime: 0.00 Time: 0.20 Time: 0.40
55 0 o 70 75
| | | 4 i
1 t t T t
55 &0 5 7 7 3
=5 4 t + + t =5 ] das
lo - fo  _ — b o
‘b t } 4 | } |
7 7 ) & & 70 7h
lime: 0.60 Time: 0.80 Time: 1.00
55 o0 05 70 7 i % b v i
: : : : i ; ' ' f i
55 o0 05 70 75
] | | 4 | 452
t t
—+0 —+0
4 a8
Ha 40
Haa Ha
+-a2 a2
+a0 +0
4 | | 4 |
4 | | | | | 4 | | 4 |
» o o b » P P & ) B % & & ) A
fime: 1.20 Time: 1.40 Time: 1.60
55 o0 5 70 75
J | h |
t t t
2 55 60 5 Il 7
J | | | |
. o 1 t t t 30
. T % @ @ R 7
‘ - 4 T T T T T s
- - B —aa
73 [ ) -~ )
A [
) —0
4 4 4 } } - + + + + L L L L 1
py 5 & B Y 5 & &5 ) 7 ° ° ° i 7
Sigma xx (KPer)
500 200 00
-

Figure 3.41 Stress evolution in time considering the flowing shape and velocity

evaluated in the propagation analysis

In Figure 3.41 must be pointed out that the high stresses at the basement of

the wall are due to the assumption of a wall fixed to the ground.
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If the findings are compared with the granular flow impact performed by
Ceccato et Al. [43], the high fluctuations of impact forces on the wall are
very evident.

Figure 3.42 Effect of snow Young Modulus on the impact force highlights it,
and this trend of unphysical oscillations is confirmed by many works [42],
[44],[54].

The actual method uses piecewise-linear basis functions to map data from
the MP to the background mesh and vice versa. The discontinuities in the
gradients of such functions leads to these inaccuracies. A solution of the
problem is under development: Steffen and Tielen [54] have already
demonstrated that the use of higher order B-spline basis function

guarantees the continuity of the gradients and smooths the solution.
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Figure 3.42 Effect of snow Young Modulus on the impact force considering a

front inclination of 8°
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MPM simulations showed that the snow Young modulus does not
significantly affect the results for values higher than 100KPa. Maximum

peaks of impact forces are in the range of 45-55 KN/m
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Figure 3.43 Impact force for different wall stiffnesses considering a front

inclination of 8°

Figure 3.43 Impact force for different wall stiffnesses shows a sensitivity
analysis of the wall stiffness keeping fixed the snow Young modulus at
1MPa.

Blue curve has a significant different trend compared to the others because
the stiffness of the snow is the same as the one of the wall. Hence, it derives
an amplification of the dynamic behaviour of the impact.
Mesh-dependency of the results is a common drawback of such dynamic
problems; a moderate effect of larger forces for increasing sizes of the
elements was observed (Initial and final part of Figure 3.44).

Force-time curves for different impact velocities shows that the higher the

velocity, the earlier the impact occurs and the higher the maximum force is.
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Figure 3.45 Impact force for different flow velocities considering a front

inclination of 8°
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From an approximate analysis, on the basis of the damage suffered by the
building during the event of 2000 (Figure 3.32), the values of the impact
forces match fairly well the expected damage.

The following table shows the damage potential for different avalanche

pressures registered in past events [2].

Avalanche

pressure (KPa) Damage potential

Windows are pressed
in and smashed

5 Doors are pushed in
Wooden constructions
30 and brick buildings

are destroyed
Spruce forest is
100 thrown over a large
area
Reinforced concrete
structures are
damaged or
destroyed

1000

Table 3.9 Damage potential of avalanches in relation to the impact pressure

The structure was made of cemented stones with few lateral connecting
elements that stiffened the walls and therefore the equivalent pressure
producing such a damage might be in the range of 30-100 KPa.
From the picture of the damaged building, it seems that the avalanche
flowed over the roof which could not withstand the frictional forces and the
pressure on the outer wall.

The meteorological information during the event suggested that no powder
pressure was generated (Appendix) and all the damage is to be ascribed to

the dense flowing core.
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Section A-A

@ Flow layer of avalanche
@ Dynamic pressure on outer wall by impact of flow layer

@ Load by avalanche flow over the building and avalanche snow deposit
@ Friction by avalanche flow over the building

@ Penetration of avalanche snow into the building

@ Seeping water by melting of snow

@ Deposit of avalanche snow

Erosion

Figure 3.46 Action on a structure when an avalanche flows over the building [2]

(© Suda)

A detailed analysis of the impact on the specific building was out of the scope
of the thesis and therefore the investigation stopped at the level of
computing the actions on the wall.

Nevertheless, knowing the in-depth effects on the actions caused by a
flowing avalanche remains an interesting topic that must be investigated in
the following studies.

Furthermore, the many rock boulders present in the valley might be dragged

by the flow and impact the structures producing point-shaped action forces.

Although significant progress in the understanding of the interaction
between snow avalanches and structures has been achieved in the last 15
years [55], an Italian regulation concerning avalanche hazard mapping still

does not exist.
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There are some guidelines proposed by the collaboration of University of
Pavia with AINEVA (Italian association for Snow and Avalanches) [22], but
they date back to 2004 and do not include important recent findings.
The impact pressure of avalanches on big plate elements is expressed as the

sum of a static and a dynamic contribution:

Pan = Dstatic T Paynamic =P 9" H+k (p - v? - sin? ®) (3.5)
Where p is the average density of the snow, g the gravity acceleration, H the
height of the flowing snowpack, v the velocity, ¢ the deflection angle and k

a dimensionless coefficient assumed 1 for dense avalanches and 0.5 for

powder ones [22].

Swiss guidelines suggest a value for the drag coefficient k = 2 and propose
p = 300Kg/m"3 as a safe side assumption.
The impact creates also a vertical and tangential pressure that are often the

main causes of damages to buildings.[2]

Pat = K Pan (3.6)
With 1 = 0.3 — 0.4 [25]
When flow velocity is higher than 10 m/s, the static contribution of (3.5) is
negligible compared to the dynamic one and can be neglected.
The stress distribution proposed by both the regulations is made of two
contributions: a uniform pressure pg,in the snow depth upstream the
obstacle and, above, is assumed to linearly decrease up to a stagnation

height hg.,,, where the stresses nullify. The expression of hy;,,, is given by:

Rstau = vz/zgl (3.7)
The empirical dissipation coefficient 1 accounts for the splashing of the
flow and depends on the snow type: 1 = 1.5 for dry, fluidised flows and

2 < A < 3 for dense flows.[25]
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Obstacle

Figure 3.47 Schematic load on a large obstacle [11]

Equation (3.5) derives from hydraulics and consider snow as an
incompressible fluid that hits a large obstacle. This oversimplification of the
problem does not consider the time dependency of the phenomenon and has
been proved underestimating from 2 (moist avalanches) to 6 times (dry) the
values in the first moments of the impact.

Experiments by Bachmann [11] showed that, for 0.5 < Fr < 3, the peak
pressure was approximately 3 times higher than the pressure corresponding
to an undisturbed flow. This value has been taken as a reference threshold
in the Swiss guidelines for assessing the peak of the impact in dynamic
applications [25]

Detailed investigations about short peaks and fluctuations of impact forces
are difficult to carry out because of the interaction of the flow with the
dynamic behaviour of the structure.

Another approach followed by some authors in these last years has been the
study of the shock dynamics. [11]

When the flow suddenly hits the obstacle a pressure wave creates and travels

upstream with a celerity C,; which slows down the oncoming flow.
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Applying the principle of linear impulse to the element of Figure 3.48:

ti
—pC,AtAu, = f Rdt (3.8)
t0
And being R the resultant force

R=[pA—(p+Ap)A] (3.9)
These two equations lead to the following
Ap = pCpuy (3.10)
The impact pressure is therefore linearly dependent to the velocity of the
flow and to the celerity of the pressure wave C,,.
This last value depends on the bulk modulus of the fluid and on the density;

a suggested magnitude for snow avalanches of that density is C,~ 30/ 40?

[11].

The previous model over-confines the flow also in the vertical direction
while in the real case the avalanche can spread out and reduce the excess of
pressure. Furthermore, the pressure profile within the flowing layer has
never been recorded in experiments and it might be that the wave
propagation is not fully elastic. This transition from elastic to plastic should
lead to a reduction of maximum peak pressure and an increase of the

duration of the impact.[11]

(P+ApA

Figure 3.48 Shockwave sketch in the case of a lateral and vertical confined setting

[11]
The linear impulse model has been compared with the results of MPM
impact for a flow with a velocity v = 15 m/s, density p = 300Kg/m? and a

perpendicular front.
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Figure 3.49 MPM impact simulation of the flow with perpendicular front

Result of the simulation showed that the maximum force evaluated through
MPM approach is within the range of values deducted with the empirical
formulas. The most reliable among the two is the Swiss guideline because it
has been directly extrapolated from experiments in site tests [56] and, as
shown in

Table 3.10, the two values are very similar.

Linear impulse
MPM model

Ppeak = pcpux

Swiss guidelines

Parameter o 2
ppeak =3 pux

Peak pressure (KPa) 202.5 204 135

Table 3.10 Maximum impact forces with different models

Theoretically the linear impulse model has been developed under the
assumption of confined flows and this should lead to an overestimation of
pressures. In practice, the result from the elastic model is even lower than
the others and the reason might be that the inaccuracy in the estimation of
the wave celerity C, hides the effect of confinement. The C, values proposed
in literature rely on numerical simulations and no direct measurements

have ever been carried out. Looking at the numerical results with MPM, a

celerity 40 < C,, < 45 % can be deducted from the analysis of the shockwave

generated after the impact.

Figure 3.51 and Figure 3.51 evidence the evolution in time both points

velocities both normal stresses.
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The shockwave in the first hundredths of a second involves the whole depth
of the snow layer and it has a sharp discontinuity. As time goes on, the
oncoming particles climb over the points attached to the wall and this
process allows to dissipate the energy of the reflected wave. The magnitude
of the stresses, in fact, more than halved in just 3 meters travel (Figure 3.51

at t=0.13s).

Time: 0.06 * L S V|Time: 0.08 s . Time: 010

, fr -,- r, ! »,- ¥, l:'- -,// :' .
4 " .
il e " % f, -

Figure 3.50 Magnitude and direction of the MP velocities during the

impact

The previous figure well depicts the particle at rest and the initial phase of
the splashing. This behaviour is less pronounced in the case of a front with
8¢ inclination because the particles first compact in the proximity of the

wall and then start climbing.
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Figure 3.51 Screenshots at different instants of time showing the evolution of the

shockwave

MPM simulation allows also to capture the dynamic behaviour of the
impact.

In order to compare the pressure distribution obtained through the
numerical approach with that used in common design practice, the front of
the flow was set perpendicular.

The results in Figure 3.52 highlighted that the pressure can be considered,
at the instant of peak impact, almost constant within the first 1-1.5 meters
and then sharply drops to 0 in the rest of the structure.

Some parts of the structure undergo tensile stresses due to the relaxation of
the material (t=0.10s at 1.5 m height).

The most conservative approach, to compare the MPM results with the
other methods, has been considering the envelope of the maximum values

of normal compressive stresses in time.
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Figure 3.52 Pressure distribution along the height of the wall at different
instants of time (perpendicular front)
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Figure 3.53 Comparison of the MPM results with the Swiss and Italian

provisions
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In Figure 3.53, the different distribution of stresses is shown; there is a
perfect agreement of peak pressure among the numerical model and the
Swiss guidelines. On the contrary the distribution of the pressures above
the flow depth is lower than the national guidelines. A possible explanation
might be that in MPM the influence of the saltation layer and the powder
cloud is neglected while the guidelines are calibrated from experiments in

which those processes could be present.

Looking at the actions on the wall caused by the impact (Table 3.11), the
Swiss guidelines are the most conservative ones. Italian guidelines, on the
contrary, underestimate the resultant force compared to MPM simulation.
In actual fact, the envelope is not a real distribution of pressure and the
values last just few hundredths of second, therefore the overall effect is not

so relevant.

Swiss . Swiss guidelines Italian
Parameter recommendations — 2 pu? guidelines  MPM
Ppeak = 3 puyzc P Pl pP= puyzc
Peak pressure 2025 135 67.5 204
(KPa) ' '
Resultant force
(KN/m) 202.5 378.0 189.0 2225
Resultant Moment 1013 599.2 2006 2701

(KN m/m)

Table 3.11 Actions on the structure with different impact models
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CHAPTER 4
CONCLUSIONS

The analysis of propagation and impact of a dense snow avalanche was
tackled. Following a numerical approach, the current possibilities and
limitations of the Material point method have been investigated.

This study provides the available results from literature review on snow
avalanches and explores the capabilities of MPM in modelling impacts.

It gives the research community a set of parameters that best fit the
considered experiments and some findings about the sensitivity of the
method to mesh size and number of discretization points.

These results confirmed the literature indications and proved a slight
dependence of the number of Material Points with the shape of the deposit.
Mohr-Coulomb, Bingham and Newtonian constitutive models have been
employed to model the behaviour of a dense snow avalanche.

The overall performance of the model was satisfactory for the propagation in
small scale experiments both for solid and fluid constitutive laws.
However, for medium and large-scale problems, MPM Anura code still needs
some improvements on the stability of the solution in modelling fluid
constitutive models.

Real scale 3D problem is currently too demanding for Anura regarding the
computational cost. For this reason, the real problem was tackled with 2
methods: Anura2D and 3D commercial model RAMMS.

Once both models have been calibrated on the position and height of the
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deposit at the medium scale, they have been employed for the real scale
analysis.

The results are similar in terms of runout and velocity profile along the slope.
On the contrary, the 2D model has local discrepancies in flow height due to
the lateral release restraint.

Subsequently, the velocity and height of the flow obtained from RAMMS at
the hut location have been used as initial condition for studying the impact
with a deformable obstacle which protects the buildings. The obtained results
with MPM 2D seem to be compatible in terms of impact force with the
damage experienced by the structure during past events.

The analysis captured the dynamic behaviour of the impact and showed that
the national guidelines provide safe indications about final actions on the
wall. Swiss recommendations are more stringent than the Italian ones, which
should be validated for different conditions of snow and structures in

additional studies.
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